It has been demonstrated that the use of additional information such as ESTs and protein homology can significantly improve accuracy of gene prediction. However, many sources of external information are still being omitted from consideration. Here, we investigate the use of product lengths from RT-PCR experiments in gene finding. We present hardness results and practical algorithms for several variants of the problem and apply our methods to a real RT-PCR data set in the Drosophila genome. We conclude that the use of RT-PCR data can improve the sensitivity of gene prediction and locate novel splicing variants.
Introduction
In spite of recent progress, gene finding remains a difficult problem, particularly in the presence of ubiquitous alternative splicing (Guigo et al., 2006) . Nonetheless, prediction accuracy of gene finders can be significantly improved by incorporating various sources of experimental evidence. Reverse transcriptionpolymerase chain reaction (RT-PCR) is an experimental method often used to confirm or reject predicted gene structures (Siepel et al., 2007) . However, the results of RT-PCR tests could also be used as additional evidence in gene finding to propose new transcripts. In this paper, we study the problem of using the estimated lengths of RT-PCR products for this purpose. We also present a proof-of-concept study on a recently acquired data set of RT-PCR products in the Drosophila genome (Brent et al., 2007) designed to verify previously unknown transcripts predicted by CONTRAST (Gross et al., 2007) and NSCAN-EST (Wei and Brent, 2006) gene finders.
In an RT-PCR experiment, we select two short sequences, called primers, from two predicted exons of the same gene. If both primers are indeed present in the same transcript of the gene, RT-PCR will amplify the region of the transcript between the primers, and we can estimate its length (with the introns spliced out) on an electrophoresis gel. In case of alternative splicing, we will observe multiple lengths. RT-PCR products can be further cloned and sequenced; however, this process incurs further costs.
We propose a new computational problem in which we want to select a set of transcripts that best agrees with the observed results of several RT-PCR tests. In particular, we represent an RT-PCR test by the positions p 1 , p 2 of the two primers in the sequence, and a (potentially empty) list of product lengths. Each length is an interval [m, M ], since it is impossible to estimate the length of the product exactly.
As an input to our algorithm, we use a set of potential transcripts of one gene represented as a splicing graph (Heber et al., 2002) . Vertices of this graph correspond to non-overlapping segments of the DNA sequence. An edge (u, v) in the splicing graph indicates that segment v immediately follows segment u in some transcript (examples of splicing graphs can be seen in Figures 3 and  4) . Moreover, two special vertices s and t mark the beginning and the end of a transcript. Thus, every transcript is represented by an (s, t) path in the splicing graph. Note that the vertices do not necessarily correspond to whole exons: a single exon can be split into several vertices, for example due to alternative splice sites. Vertices and edges of the splicing graph are assigned scores, which correspond to the confidence we have that a particular predicted intron or exon segment is correct.
We say that a path π through the splicing graph explains test T = (p 1 , p 2 , [m 1 , M 1 ], [m 2 , M 2 ], . . . , [m k , M k ]) if the path contains both primers p 1 and p 2 , and the distance between the two primers in the transcript defined by π belongs to one of the intervals [m 1 , M 1 ], . . . , [m k , M k ]. If the path contains both primers, but the distance is not covered by any of the intervals associated with T , we say that the path π is inconsistent with test T . We can now define a score of a path π with respect to a set of tests S as a sum of the scores of all of its vertices and edges, plus a bonus B for each explained test from S, and minus a penalty P for each inconsistent test.
Definition 1 (Gene finding with RT-PCR tests)
. For a given splicing graph G and a set of RT-PCR tests S, find the path π with the highest score.
There are several practical ways to obtain a splicing graph at a given locus in the genome using ab initio gene finders based on hidden Markov models (HMMs). Besides the actual highest probability gene structure in the HMM, Genscan (Burge and Karlin, 1997) can output additional exons that have reasonably high posterior probability. These exons can be joined to potential transcript based on compatibility of their reading frames. Gene finder Augustus (Stanke et al., 2006) uses an HMM path sampling algorithm to output multiple predictions that may correspond to alternative transcripts of the same gene. These methods can also be generalized to take into account additional information, such as ESTs or protein similarity (Stanke et al., 2008) . Regardless of the method of
